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Summary

The goal of the project is to create a cell that contains only the set of genes that are essential for life
under ideal laboratory conditions. We are working to minimize Mycoplasma mycoides JCVI-syn1.0
(the synthetic version of Mycoplasma mycoides subsp capri) using two approaches:

- Top Down: remove genes and clusters of genes one (or a few) at a time, proceeding only if
the reduced strain is viable, with a reasonable growth rate
0 The genome has been reduced to 779 kbp and found to be viable

= This strain proved to be slow growing after transfer to liquid media
e Growth appeared to be comparable to the wild type strain on plates
e The change could be due to cell membrane structure

= More single gene deletions have been made, but were also slow growing

= We have started to add genes back in order to restore the growth rate

- Bottom Up: design our best guess as to the content of a minimal genome (483 kbp)and
synthesize it from oligonucleotides

o One of the 1/8" genome molecules has been found to be viable

0 Deletion experiments were performed in parallel to 1/8"™ molecule synthesis
= Based on transposon studies, 146 clusters were expected to be non-essential
=  Twenty-six of these clusters yielded no transplants or slow growth
= Some of these deletions were deleted in the design of the 483 kbp genome

0 We have designed a more conservative genome (683 kbp), which is being

synthesized at SGI in 1/8" molecules
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Introduction

The goal of this research project is to build a minimal bacterial cell. The pursuit of a minimized cell
is critical to the advancement of biology, both as a pathway for understanding the basic
requirements for replication and as a chassis for creating an optimized platform for any number of
possible applications. Ham Smith recently listed his top ten reasons for why we need to build and
characterize a minimal cell:

1. To define minimal components for life

2. To provide a minimal platform for systems biology — a comprehensive description of cell
behavior

3. Todiscover as yet unknown functions required for life

4. To provide a platform for modularization of cell processes

5. To examine the plasticity of gene arrangements in a minimal genome

6. To examine ori locations and multi-ori constructions on cell viability

7. To determine what genes control the cell cycle and the rate of cell doubling

8. To examine the feasibility of going from the minimal cell to more complex cells by adding

back genetic functions
9. To change energy metabolism from one carbon source to another
10. To go where no man has gone before

Chuck Merryman offered a different, also very compelling rationale for our work and why it is vital to
U.S. biological science. Chuck noted that cells are catalysts. They transform A into B - often in
ways that conventional chemical or enzymatic catalysts cannot approach.

1. The catalyst itself will make more catalyst for you. Any scale is attainable.

2. If a catalystis ‘poisoned’ it can self-repair. It is essentially immortal.

3. If the environment changes, the catalyst adjusts on the fly to maximize output.

4. From a single A (eg glucose), there are millions and millions of B’s to choose from
(arguendo).

All this comes at a price: Evolution and natural selection have ensured that B isn’t just any product.
It is another cell (by happenstance some byproducts are useful and produced at reasonable levels,
for example: ethanol).

The genetic ‘cassette’ that defines and orchestrates the production of new cells [in all cells] is the
minimal cell. In other words, the minimal cell is the genetic architecture that ensures another cell is
life’s fundamental product. In a perfect production system we would have absolute control over this
cassette. Defining what the cassette is the first step. We know control is possible. More or less,
animals do it to their cells all the time.

In a perfect production system, the minimal-cell cassette would initially function as nature intended
and make copies of itself as fast as possible. Then, replication would turn off; however, unlike most
saturated cultures, metabolic activity would not be slowed. Instead, metabolism would continue to
run at full speed but it would be redirected towards the synthesis of a different, desired product (B).
At the same time, cell maintenance (a sub-cassette of the replicative cassette) would remain
responsive and perform necessary repairs. A perfect production system would be little more than
supporting infrastructure for a sack of enzymes (and a corresponding balanced chemical equation)
that transforms A into the desired product B. The product and all byproducts would exit the system
to avoid equilibrium. The system would respond to environmental vagaries to maximize the output
of B. If a cell became extensively damaged and was no longer able to function, it would be recycled
and replaced. In essence, the culture itself would become immortal. It would continue to pump out
product B as long as you supplied A. (‘Perfect’ is a boundary system of course. There are less
perfect systems that are still useful. Nevertheless, imperfect systems benefit from coming as close
as possible to the boundary).
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Until we build a minimal cell and understand how the genetic cassette that encodes life works, the
sub-functions of replication, repair, and overall metabolic activity will remain intertwined and beyond
our full control. For the time being we have ignored the other cassettes used to build and keep a
cell running with a simple feedstock A. They are not in a minimal cell. These manufacturing
cassettes will be fully or mostly comprised of genes that we will layer back onto a minimal cell
chassis in various combinations. It will be that knowledge of the minimal cell that will enable us to
model and control the added A to B manufacturing machinery.

Even as we labor at our top down and bottom up approaches to construct a minimal cell other
scientific teams are working to have the infrastructure in place to make use of our minimal cell.
Several years ago the JCVI began collaborating with Stanford systems biologist Markus Covert to
develop a comprehensive computational model of a near minimal cell that was much more
sophisticated than previous cellular modeling efforts such as the E-Cell (Tomita, Hashimoto et al.
1999). The first installment of that Stanford-JCVI effort at cellular modeling was reported in Cell last
summer (Karr, Sanghvi et al. 2012). Based on previous JCVI efforts using transposon mutagenesis
of near minimal cells that identified about 100 essential genes whose function was unknown and
that were conserved in many bacterial and eukaryotic genomes (Glass, Assad-Garcia et al. 2006)
we have enlisted a number of academic labs to try an determine the functions of the proteins
encoded by those genes. By the old one gene — one enzyme — one graduate student — one Ph.D.
approach cellular roles can now attributed to at least 8 different genes. The NIH is now reviewing
large program project proposals to use modern omics approaches to determine unknown gene
function (including one from the JCVI). Biological science is waiting for, getting ready for, anxious
for a minimal cell to use as a research platform. DARPA aims to pave the way for the next 30-100
years of US science by making initial investments. The minimal cell is key to a lot of what biology
and in particular synthetic biology hopes to accomplish.

Methods, Assumptions and Procedures

TOP DOWN APPROACH

The plan here was to start with a 1079 kb with the full size viable M. mycoides JCVI-synl.0
synthetic genome. We began to remove clusters of genes we thought to be non-essential. Initially
we did this in single experimental steps. This involved using the TREC approach we developed to
cleanly eliminate specific regions of the genome that was parked in a yeast cell as a yeast
centromeric plasmid (YCP). We would then boot up that partially minimized YCP using genome
transplantation into a suitable bacterial recipient cell. Later we began using Yo Suzuki's Green
Monster technique to remove multiple clusters at once from the YCP. The Green Monster method
leaves GFP markers in the YCP, so it is not suitable for making the final molecule, but it does show
us deletions that can be made without loss of cell viability or growth rate. After learning what groups
of presumably non-essential gene clusters to target, we use TREC (Noskov, Segall-Shapiro et al.
2010) to seamlessly make deletions. At each step re-test for viability. Only proceed to the next step
if the preceding construction is viable and the doubling time is approximately normal.
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We have developed an 8-piece strategy to
rapidly build genomes containing multiple
deletions. This has increased the rate at
which we can remove genes by a factor of 8.
We have produced a series of functional
reduced genomes, including the smallest
779-kb genome (~30% reduction).

The process is combinatorial genome
assembly. As shown in Figure 1: 1) Two
Notl restriction sites (black dots) were
introduced into neutral sites in each of eight
genomes, such that digestion at these sites
would release eight genomic fragments that
overlap with neighboring fragments by 200
bp for assembly of the whole genome. 2)
Seamless gene or gene cluster deletion (red
triangle) was carried out by TREC method
on 8 yeast strains in parallel. 3) Genomes
were isolated from yeast and transplanted
into recipient cells. 4) DNA from each M.
mycoides strains was digested with Notl,
and the genomic fragment was isolated after
gel electrophoresis. 5) The deleted and
wild-type versions of the 8 pieces were
combinatorially assembled in vyeast. 6)
Assembled genome was screened for
completeness, isolated, and transplanted
into recipient cells. Transplantation yielded
viable M. mycoides with a variety of
genotypes.

This development will be a huge accelerator as we continue the Top Down approach. Importantly it
can be general tool for genome scale engineering through combinatorial genome synthesis that is

fully amenable to automation.
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BOTTOM UP APPROACH

As noted in our last quarterly report, we designed what we expected to be a near minimal genome
based on our combined transposon mutagenesis analysis of genes individually dispensable, and
based on an incomplete directed mutagenesis study that removed continuous clusters of genes we
expected to be non-essential. That designed genome, which we refer to as the “Hail Mary Genome”
or HMG, was comprised of 483 kbp (see “Hail Mary” reference). The HMG was synthesized by
Synthetic Genomics, Inc. (SGI) in 8 segments that overlapped their adjacent segments by 200 bp. To
determine whether each of these segments was individually viable we constructed 8
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Construction of the 1/8 HMG +7/8 wild type g by Recombi
mediated cassette exchange (RMCE). 1) an 1/8 genome of the M. mycoides
JCV1-syn1.0 was replaced with a “landing pad” flanked by two hetero-
specific lox sites; 2) a donor plasmid containing a corresponding 1/8 HMG,
flanked by another two hetero-specific lox sites, was transformed into the

' 1/8HMG

i + ]
W 7iswrT

Testing the 483 kb “Hail Mary” Genome (HMG). HMG was synthesized as 8 DNA landing pad strain; and 3) an intron-containing URA3 gene is

segments with unique 200 bp overlaps (color coded) flanking each piece for genome reconstituted in the plasmid during this recombination allowing for the
assembly. To test the functionality or each segment, we constructed hybride genomes selection of hybrid genomes. The 1/8HMG#1, 4, and 6 were tested by
that are 1/8th HMGand 7/8ths wild type using Recombinase-mediated cassette this method.

exchange (RCME) or combinatorial genome assembly followed by genome
transplantation,

Figure 2

different genomes. One eighth of each genome was an HMG and seven eighths were wild type
(Figures above). The pieces were assembled by Recombinase mediated cassette exchange.

Results and Discussion

BOTTOM UP APPROACH

As previously reported, a minimal genome was designed by the project team. The minimal genome
was designed in 1/8" genome molecules, so that smaller sections could be tested for viability. Since
the last reporting period, all eight of the 1/8" genome sections were used in transplantation
experiments. Of the 8 segments only #2 has yielded a living cell. That partial HMG cell grew slowly.

In the interim between the design and synthesis of the HMG we completed our evaluation of all 146 of
the M. mycoides gene clusters we expected to be non-essential based on transposon studies. Twenty
six of those individual cluster deletions yielded no transplants or the resulting cells grew much slower
than wild type cells. Some of those 26 gene clusters were deleted in the HMG.
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Conservative Minimal Genome was designed based on cluster deletions tested

for viability.
Total deletion  Deletion resulting in normal Deletion resulting in non-viable or
clusters tested. or nearly normal growth rate. significantly reduced growth rate.
120 92 28

Conservative

Minimal Genome

Figure 3

The conservative minimal genome was
designed from M. mycoides JCVI-Syn1.0 R-
M by removing a total of 92 clusters and
single genes. Itis being builtin 8
overlapping sections which can be
assembled into the complete 664 kb
genome in yeast. If the genome is not
viable when transplanted, then each of
the 8 sections will be tested and corrected
as needed to restore viability.

As a result of our unexpected findings about these 28 deleterious mutations we redesigned our
bottom-up approach to make what we call the “Conservative Genome” or CG. This 623 kbp
genome is currently being synthesized at SGI, again in 8 overlapping segments.

We are developing tools (Figure 4) to enable genetic complementation to restore desirable
phenotypes to deletion mutants. This will be a plasmid capable of replication in both M. mycoides

Step 1. Construct Tn5 transposon (Epicentre) containing 19 bp mosaic ends,
terminator sequences and selectable marker.

[z o BRI Puromycin resistance cassette

Step 2. Introduce transposome into Mycoplasma mycoides JCVI-Syn1.0 R-M
(minus) strain by polyethylene glycol (PEG) transformation method. Collect
resistant colonies and serially propagate to select for fast growers.

10° 10% 10* 10°

~80,000
colonies

Step 3. Isolate genomic DNA, cut with Sspl restriction enzyme, ligate to circularize
fragments, PCR amplify specific fragments and sequence these fragments using lon

Torrent. Q,D qp QPO

Figure 4

and in the genome transplantation
recipient cell, M. capricolum. Its first
planned use will be to determine
what specific gene deletions caused
the 1/8" HMG#2-7/8" wild type
genome to grow slowly. We know
that 2 of the gene clusters whose
deletion caused much slower cell
growth were for gene clusters not
included in HMG segment #2. Using
expression of those gene clusters or
individual genes from a plasmid we
expect to be able to restore a more
rapid growth phenotype to the 1/8"
HMG#2-7/8" wild type mutant. Thus
we may be able to winnow the
number of genes we need to include
in our minimal gene set from the 5
genes contained in the 2 growth
retarding cluster deletions to
perhaps just 2 genes. This plasmid
system will be a powerful tool as we
begin to make final gene deletions in
our genome minimization process.
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MAPPING NON-ESSENTIAL GENES

Tn5 insertion map.

Tn5 insertion sites (black lines) were mapped to M. mycoides JCVI-Syn1.0 R-M
(minus) genome. Open reading frames are highlighted in blue, tested cluster
deletions that produced viable cells with nearly normal or normal growth rates
(green).

nm w nj 1w 1w 1 Wi i | mmn

w0 K mDRDKE o G vomnme==opD bodmomemd 1w 1 D3 0w ndSmSm m
PRpOOIN Km0 o0 ek K ) <) | KigmSED PO e R i

wEl wmmw Camn R T TOT  N
L] IIDIII | DOPDPOI L DD Ib np B ) mmq (1T ||||||lb<]<}<j(>|[>|[§>|:‘,>bﬁ>(>ﬂ<J
e e B S Y PKADDOOCOKKIK D) e
ol DummE(m  mim om0 @ R AW 0 K| mm une ]
i 11 DK KK PO ad E>(>E>E>l><3uw<)<l :14¢<1<::|E:>muum K3
EK (unf ESm) (D hmd )T B DO D 0 KD B~

LT T R TN moam mnm i 1 n

TN T |IIl1 WD m o nm

0 Keom  DEND<D Illbbmobllmm blll)MI K
) WW P d B 0

n 1 [ ] wmyouom mal 0 1
mapr ol D> oW prp nauida) T D <D my mmm i gKno mid
DUDOF TP KD DD Dt HHOBDODOKEIIEM OmpdESTC 0 uh MRKEKE < &b

1 (N1 T WA TTTTRT TTI T T TR i O (0 RE TR ROTT UE AT T LTI

e mn e W o << boo> 1 him
i nmim | L TN 1w
{ mopdadmed 1t nd oonomon g o nmn § QGO ( mmma o DR
Q<K Do o <R o DRI < (i) (ORK 1D
(TR T T T T (N |l[| Imow [1T7]
WO KO P@ T 1 omded Do o P tum oo om0 W ) R 1
) E KR DDPIPEMRIKI 0 KCCiDE<| KIKEDID D= DO m(

e ugudum (UYL T T
Dy O quoro o - PG mmhif |

BB KRR it ks Figure 5

We have improved the
Tn5 transposon
bombardment process
we initially reported on
in our previous
progress reports. The
Tn5 was re-made so
that there would be no
possibility of transcripts
that crossed the
transposon being
translated to produce
partial gene products
that would falsely
indicate a gene was
non-essential. We did
this by flanking the
puromycin antibiotic
resistance marker
located in the
transposon with
transcriptional
terminators on both
side (red boxes in the
figure above). We are
also now using lon
Torrent sequencing to
identify the locations of
transposon insertions.
This approach is both
faster and less
expensive than the

lllumina sequencing we reported previously. This approach eliminates most insertions in genes we
would almost certainly expect to be essential. A new Tn5 transposon map is shown.

Because the Tn5 mapping of non-essential genes is now better, faster, and less expensive we
recently tested the method on our partially reduced 928 kb genome. We did this right after transposon
bombardment and then again after the cells had undergone ~40 cell divisions. What we will examine
here is what genes are non-essential in the short term as opposed to what genes are non-essential
for sustained survival. The analysis of these data will be presented in our next progress report.

We believe that our efforts to enhance methods for non-essential gene determination will be valuable
for groups that may want to eliminate non-essential genetic baggage from production organisms so

that they are more easily modeled.
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BIOLOGICAL PARCEL SERVICE — COLLABORATION WITH MIT'S NEIL GERSHENFELD
Interactions between John

The JCVI design-build-test cycle for synthetic cells. Glass and Neil Gershenfeld
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measurements

on synthetic cell © P\
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assemblyof synthetic | G€nome transplantation is a

genome in yeast method for installing an

. _ '@ isolated bacterial genome
viability by . . L

genome transplantation Isolate syntheticgenome into a suitable recipient cell

so that it is booted up by the
enzymatic machinery of the
Figure 6 recipient cell and produces
daughter cells with the
genotype and phenotype encoded by the transplanted genome (Lartigue, Glass et al. 2007).
Currently the process has only been done reproducibly to transplant M. mycoides genomes into
M. capricolum recipient cells. For this application, genome transplantation reliable and robust in
expert hands, it takes a great deal of experience to learn how to pipet whole bacterial genomes
without shearing them and how to judge that recipient cells have reached an exact state of
competence that will result in a successful transplantation.
The Gershenfeld team at the MIT Center
for Bits and Atoms (CBA) has developed
nanofluidics approaches that we hope will
lead to better more efficient and
reproducible genome transplantation that
no longer requires “magic hands” and can
be done using a broad variety of bacterial
chromosomes. The ambition of this
project, which we call the “Biological
W caffiabin cel Parcel Service”, is to precisely localize
0610 inside donor genomes and recipient cells in
he chnrgls nanofluidics channels. Once so contained
we hope to use physical and chemical
approaches to force donor genomes into
the recipient cells. This approach will be
an extension of work done previously by
CBA graduate student James Pelletier
(Pelletier, Halvorsen et al. 2012). To
initiate the collaboration CBA scientists
Pelletier and Andreas Mershin fabricated
nanofluidics channels that they brought to
the JCVI team in Rockville, MD on
December 21, 2012 to do some initial
experiments. That day the MIT and JCVI
teams were able to insert M. capricolum cells in 1.5 um channels and then lyse those cells to
release the genomic DNA. Since then the MIT group has work with killed cells sent to them by the
JCVI team to further improve the insertion of the cells into the channels and then subsequently lyse

9
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those cells. As we become more skilled at insertion of cells into channels we will also begin working
using live cells at the JCVI (the MIT lab cannot work with cells requiring BSL-2 isolation) to apply
genome transplantation experimental conditions to the cells and isolated genomes inside the
channels. The nanofluidics approaches will allow more rapid testing of different experimental
conditions and direct microscopic examination of the tests. The goal will be to show sufficient
progress to allow us to compete for Living Foundries funding to pursue this avenue of research.
The teams have ambitions of adapting this and other nanotechnology methods used at the CBA to
solve synthetic biology problems.

Conclusions
Tasks from the Statement of Work for Year 1:

Task 1: Complete a detailed global Tn5 transposon mutagenesis insertion map.
The Tn5 transposon insertion map was submitted with the initial quarterly report.
The appended Excel file shows what M. mycoides genes can be disrupted by
transposons and which ones cannot. The method has advanced greatly over our
initial efforts at using transposons to identify non-essential genes.

Due: Month 6; Status - completed: Month 3

Task 2: Delete up to 27 large gene clusters
Using our top down approaches, we have reduced the genome size of M. mycoides
JCVI-synl.0 from 1079 kbp to 779 kbp through the deletion of some 30 clusters,
representing a ~30% reduction. In this process we have identified some genes that
we expected to be non-essential but proved to be needed at least in the genomes
from which we had already eliminated a large number of genes. This reduced
organism grows somewhat slower than the wild type cell and we are exploring re-
introducing some genes to see if we can restore the wild type growth rate (~60
minutes per cell cycle).

Due: Month 12; Status — complete (but we will continue to reduce the genome as
much as possible throughout Year 1).

Task 3: Construct a preliminary modular map of the genome
The design of a modular map of the genome is underway.

Due: Month 12; Status — in progress

Although our HMG bottom up approach proved to be non-viable genome, we found that one of
the 1/8th HMG segments was viable when added to an otherwise wild type 7/8th genome.

We are synthesizing a Conservative Genome that has 623 kb. Based on our observations so far
about other deletions, we have high expectations that this genome or at least most of it will prove to
be viable.

The Biological Parcel Service collaboration with Neil Gershenfeld’s team at MIT offers some hope of
expanding the scope of genome transplantation. This could make it much more practical to boot up
synthetic genomes for a broad range of other bacterial species and better enable many other efforts
in synthetic biology such as genome recoding and expanding the genetic code.

10
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Planned Activities for the Next Reporting Period

1. We will offer analyses of non-essential genes needed for sustained growth as opposed to
short term cellular survival.

2. We will continue Top Down minimization of our synthetic genome

3. We complete synthesis and test the 683 kb Conservative Genome as part of our Bottom Up
strategy.

4, We begin efforts at genome functional modularization.

5. We will continue pilot efforts on the Biological Parcel Service project.

Program Financial Status

Latest
Planned Actual Expend % Budget . A
Expend (Cumulative tpo Date) Comple?ion At Completion ER ey|sed Remarks
stimate
Task 1 $305,646 $305,646 100% $305,646 $305,646 Completed
Task 2 $826,256 $413,145 50% N/A $826,256 N/A
Task 3 $43,487 - 0.0% N/A $43,487 N/A
Cumulative $1,175,389 $718,791 61% N/A $1,175,389 N/A

There is no management reserve or unallocated resources.

Based on the currently authorized work:

¢ Is current funding sufficient for the current fiscal year? Yes

e What is the next fiscal year funding requirement at current anticipated levels? $1,214,151.00

e Have you included in the report narrative any explanation of the above data and are they cross-
referenced? Not applicable; current funding is sufficient for the current fiscal year.
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